Stress relaxation behavior was investigated under large step shear strains γ for polyisobutylene/poly(dimethyl siloxane) blends with different average droplet-size. The interfacial contribution to the relaxation modulus, G int (t,γ ), was evaluated by subtraction of the matrix contribution from the relaxation modulus of the blend, assuming the linear additivity rule for the relaxation modulus. The interfacial modulus G int (t,γ ) for the blends with different average dropletsize obtained at the same strain can be superposed in a reduced form, G int (t,γ )/(Γφ /r V ) vs. t/τ D , where Γ is the interfacial tension, φ the volume fraction of the droplet phase, r V the volume-averaged radius of droplets, and τ D is the linear viscoelastic relaxation time of the droplets (interface). Superposition can be applied for the blends with φ = 0.108 and 0.214. The superposition is developed from consideration on the theoretical expression for the stress tensor which includes both contributions from the interface velocity term and Laplace pressure term. It is suggested from the good superposition that contribution from droplet-droplet interactions to the stress can be neglected in the present blends with φ ≤ 0.214 or that the contribution is also reduced by the same factors as (Γφ /r V ) and t/τ D .
INTRODUCTION
It is an essential subject in rheology of immiscible polymer blends to clarify the effects of droplet size and volume fraction of droplet phase on the rheological properties of the blends. In linear viscoelasticity, the theory developed by Palierne 1) well describes the effects of droplet size and volume fraction. 2) In this theory, the plateau modulus G D and the relaxation time τ D due to deformation and recovery of droplets are respectively given by 1, 2) where Γ represents the interfacial tension between the droplet phase and the matrix phase and φ the volume fraction of the droplet phase. r V is the volume-averaged radius of droplets and is defined by where r i denotes the radius of i-th droplet, φ i the volume fraction of i-th droplet and N the total number of the droplets.
K represents the viscosity ratio and is defined by η d /η m where η m and η d denote the zero shear viscosity of the matrix and the droplets, respectively. In Eqs. (1) and (2), the effect of r V and φ on G D and τ D is clear.
On the other hand, under large deformation, effects of droplet size and volume fraction on rheological behaviors of polymer blends are not yet clearly understood. Yamane et al. 3) observed shape recovery of an isolated polyisobutylene (PIB) droplet in poly(dimethyl siloxane) (PDMS) matrix. They found that increase in the shear strain γ delays the recovery of the droplet. Hayashi et al. 4) performed the same experiments using PIB droplets with different radii and found that time evolution of droplet shape can be reduced by τ D at each γ even † To whom correspondence should be addressed. Present address: School of Materials Science, Japan Advanced Institute of Science and Technology Phone/Fax: +81-761-51-1626/1625; E-mail: k-okamot@jaist.ac.jp (1) (2) for large γ where the time evolution exhibits significant delay.
Concerning the stress relaxation under large step shear strains, it has been shown that the stress tensor representing the contribution from pressure difference beyond the interface (the Laplace pressure term), which corresponds to the stress tensor calculated by the interface tensor 5, 6) , is reduced by Γφ /r 0 for a single droplet, where r 0 is the droplet radius before deformation. 7, 8) Comparison of this theoretical prediction with the experimental results indicates that Γφ /r 0 roughly reduce the stress relaxation modulus of blends. 7, 8) [9] [10] [11] [12] [13] [14] Actually, in the last stage of stress relaxation under large step shear strains, the interface velocity term is 37 % of the Laplace pressure term at the beginning and 50 % at the end, which are evaluated using a theoretical model for retraction of a spheroidal droplet with K = 0.081 and supported by experimental results of stress relaxation for a PIB/PDMS blend. 14) Until now it is not known how relaxation modulus and time for blends with different droplet size and volume fraction are respectively reduced when the contribution of the interface velocity term is included.
The objective of the present study is to find the effects of droplet size and volume fraction of droplets on stress relaxation under large step shear strains with consideration of both interface velocity term and Laplace pressure term. Stress relaxation under large step shear strains is a useful method to investigate the behavior under large deformation since large step deformation is instantaneously applied to droplets and then stress relaxation due to the interfacial tension can be observed under no external flow. The experimental results of the stress relaxation are discussed based on the theoretical expression for the stress tensor due to the interface 9, 10) , which includes contributions from the Laplace pressure and the interface velocity, and the applicability of the theoretical expression is examined.
THEORETICAL BACKGROUND

Stress Relaxation of an Isolated Droplet
Let us consider an isolated ellipsoidal droplet with semi- can be written as 9, 10) where p is the isotropic part of the stress, the unit tensor, ∇v the velocity gradient tensor, V the total volume of the system, The direct observations of the recovery of droplets under large step shear strains show that orientation angle θ , which is defined by the angle between the semi-axis a and the coordinate x, is independent of time and coincides with the angle given by the affine deformation assumption for droplets with 0.048 ≤ K ≤ 0.54. 3, 17, 18) This means that R is independent of time and that θ is given by
Another experimental results indicate that a/r 0 , b/r 0 and c/r 0 are given by functions of t/τ D and γ , which are independent of r 0 .
4)
Based on the results, we define reduced droplet velocity gradient tensor as a function of t/τ D and γ by
Equations (6) and (8) Since shear stress due to the interface,σ int,xy , can be written as the summation of σ v,xy and σ L,xy , Eqs. (12) and (14) lead to This indicates that plots of σ int,xy /(Γφ/r 0 ) versus t/τ D make a single curve at each γ independently of Γ, φ and r 0 .
Stress Relaxation of Blends with Polydisperese Droplets
Polymer blends include droplets with various sizes. Even if the droplet size distribution is narrow, for example, r V /r n = 1.20, the droplet size distribution can affect results of the stress relaxation for blends 14) , where r n represents the number average radius of droplets defined by Therefore, it is necessary to consider the droplet size distribution when the stress relaxation of polymer blends is polydisperse droplets in our previous study although it was not clearly mentioned. 8) Neglecting interaction between droplets, the total shear stress due to N droplets in the blend can be written as This leads to where a relation is used. Equation (19) means that plots of σ int,xy /(Γφ /r V ) versus t/τ D make a single curve for each γ independently of Γ, φ and r v provided that reduced droplet size distribution r i /r V is independent of Γ, φ and r V . The relaxation time τ D evaluated using Eq. (2) is also shown in Table I . The γ
EXPERIMENTAL
RESULTS AND DISCUSSION
• dependence of r V determined from show that droplet size distribution r V /r n is less than 1.3. 20, 21) This r V /r n value is not considered to be monodisperse in the stress relaxation measurements 14) and we have to compare our experimental results with the prediction for the polydisperse droplets (i.e., Eq. (19)) although our blends are expected to have r V /r n rather small. present study is rather large and around 20 %. Small effects of different φ may exist but are not recognizable in Fig. 6 and the stress relaxation data for other γ. Another investigation is necessary to reveal such small effects, which may come from higher order terms of φ.
CONCLUSIONS
We , which does not consider interactions between droplets. It is suggested that contribution from the interactions to the stress can be neglected in the present blends or that the contribution is also reduced by Γφ /r V and τ D .
